Conductive Filaments (CF) 
Introduction
Resistive random access memories (RRAM) based on metal-insulator-metal (MIM) or metal-insulatorsemiconductor (MIS) structures have emerged as promising candidates for substituting the present nonvolatile memory technology [1] . In these structures, it is possible to electrically form and partially break a conductive filament (CF) through the insulator material, so that the dielectric resistance is changed. Then ON or OFF states are achieved, depending on the dielectric conductivity. This phenomenon is known as Resistive switching (RS). Moreover, the MIM (or MIS) structure can be easily fabricated using standard microfabrication techniques [2, 3] , opening the door to fully operational RRAM devices based on these structures [4, 5] . In spite of that, before their integration at commercial level, the complex RS mechanism must be well understood [6] . Its analysis is complicated since the CF has a localized nature so that high spatial resolution techniques are required to evaluate their properties. For example, by combining Focused Ion Beam (FIB) and Transmission Electron Microscopy (TEM) it has been possible to observe the formation and dissolution of a CF in real time [7] . Another alternative is the use of Conductive Atomic Force Microscopy (CAFM) to switch the resistance of the dielectric material by using the conductive tip as the top electrode of the stack structure [8, 9] . With this technique, it is possible to create and analyse the CFs locally with a relatively simple setup. However, since the switching characteristics are strongly dependent on the electrode material [10] , the properties of the CF formed using the CAFM tip as a top electrode could differ from the ones generated in conventional MIS or MIM structures. To overcome this limitation, in this work, a CF is formed in Ni/HfO 2 /Si capacitors. Afterwards, the Ni electrode is removed and the CF properties analysed at the nanoscale with the CAFM tip. The objective is to give further insight into the RS mechanisms responsible for the formation and partial dissolution of CFs in these MIS structures. P o s t -p r i n t
Materials and methods
A schematic cross-section of the studied Ni/HfO 2 /Si capacitors [11] is shown in Fig. 1(a) . The area of the devices is 5×5 µm 2 . The structure and size was carefully chosen so that the whole active area of the device could be fully analysed by CAFM.
The methodology used consisted in first, creating the CF at device level with a HP-4155B semiconductor parameter analyser, using a current limit of 10 -4 A. The voltage was applied to the Ni top electrode, while the Si substrate was grounded. To reach a stable state of the CF, five set and reset cycles were applied. Some samples were left at the high resistance state (HRS) while some others at the low resistance state (LRS). Fig. 2 shows the last I-V curves recorded after the set (left) and reset (right) processes in two different samples. In total, 10 samples were studied. After that, the Ni electrode of the MIS structures was etched off by means of (H 2 O:HNO 3 ) (4:1) so as the HfO 2 surface was exposed and could be analysed with the tip of the CAFM (Fig 1b) . A conductive Pt bulk tip with 20 nm nominal radius was used in order to study the device at the nanoscale. These tips are mechanically more stable than the metal-coated ones, permitting us to measure more maps without losing the topographical resolution and the conductivity during the experiments, a critical issue in measuring this type of systems. In any case, when small conductivity and/or resolution losses were observed, the tip was changed, so that the results are not affected by the tip properties. The whole active area was scanned at -4 V (injection from the substrate), so that the CF properties were not modified. For comparison, pristine samples and samples in which no current limit was stablished during electroforming have also been studied.
Results and discussion
First, CAFM analysis of pristine samples was performed in order to study any possible effects of the etching of the top electrode on the HfO 2 layer (Fig.  3a) . We found the oxide layer surface to be very uniform and no current was detected, meaning that the etching process had a negligible effect on the HfO 2 layer properties. Next, samples that underwent hard breakdown (i.e. without current limit) were studied (Fig 3b) . In this case after Ni etching the topographical analysis showed an uncontrolled growth of a large structure covering the entire device surface, a consequence of the large energy dissipation caused by the irreversible dielectric breakdown of the oxide layer.
The topography and current images measured on the rest of samples are significantly different. To show this point, Figure 4 (a) and 4(b) present typical 2D topographical and current images, respectively, of P o s t -p r i n t a device after the formation of the CF that was left at the HR state. Qualitatively similar results were obtained in the LRS samples. Interestingly, in the entire device surface only a hillock is detected, that corresponds to the sole conductive area found in the current image (Fig. 4b, Fig 4d) . As can be seen in Figure 4c , which corresponds to the 3D topographical image of the hillock observed in Fig. 4a , the hillock has an irregular shape but presents well defined edges, demonstrating that the CF formation is local. In addition, the surface around the hillock is unaffected, and with the homogeneity of the pristine samples (see Fig 3(a) ). This indicates that in our experimental conditions, one or several CFs are concentrated in the spot revealed by CAFM. This hillock is probably the result of the electrochemical and thermochemical reactions responsible for the CF formation and dissolution processes [12] . However, further analysis, which is out of the scope of this work, is needed to elucidate the physical origin of these morphological modifications.
After the analysis of several devices we observed that the position of the CF is random. Measurements show that the CF characteristics are qualitatively similar between devices, independently of the device state (i.e. LRS or HRS). We found that the spot areas are around 0.5 µm 2 with an estimated hillock height of around 100 nm. However, though a statistically representative analysis has not been carried out, the measurements seem to indicate that the LRS spots present smaller sizes (around 0.5X) than the HRS spots (Fig. 5) .
Interestingly, as can be seen in Figure 5 , the local conductive measurements of spots corresponding to LRS (a) and HRS (b) show that the current through the CF is not spatially homogeneous. Although in most of the spot area currents of pA are detected, there are small regions with currents in the range of nA. Moreover, in the LRS spots, the portion of the CF area with higher currents is larger than in the HRS, which would explain the larger LRS conductivity observed at device level (Figure 2 ). This inhomogeneous conduction is compatible with a treeshaped CF [12] . As sketched in Figure 5 (c), some branches would span all along the dielectric thickness, connecting the two electrodes, whereas some others would end within the dielectric. Then, when scanning with the tip, larger currents would be measured in the first case (nA currents) whereas lower currents would be observed in the second case (pA currents). The number of electrode-connecting branches would be larger for the LRS case, in accordance with the observed size of the high-current area of the CF. P o s t -p r i n t
Conclusions
The CAFM characterization of CFs in Ni/HfO 2 /Si RS structures is presented. We have shown that, independently of the device state (LRS or HRS) the CFs are formed in a unique spot that can be detected as a hillock in the topography image after the removal of the Ni electrode. Local electrical analysis of the HRS and LRS spots reveals a non-uniform conduction, with some regions in the spots with significantly higher conductivity. This behavior is in agreement with the tree-shaped model of CF formation. 
